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Smart dust: Self-assembling, self-orienting photonic

crystals of porous Si
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Micrometer-sized one-dimensional photonic crystals of porous Si
that spontaneously assemble, orient, and sense their local envi-
ronment are prepared. The photonic crystals are generated by
electrochemically etching two discrete porous multilayered dielec-
tric mirrors into Si, one on top of the other. The first mirror is
chemically modified by hydrosilylation with dodecene before the
etching of the second mirror, which is prepared with an optical
reflectivity spectrum that is distinct from the first. The entire film
is removed from the substrate, and the second mirror is then
selectively modified by mild thermal oxidation. The films are
subsequently fractured into small particles by sonication. The
chemically asymmetric particles spontaneously align at an organic
liquid—-water interface, with the hydrophobic side oriented toward
the organic phase and the hydrophilic side toward the water.
Sensing is accomplished when liquid at the interface infuses into
the porous mirrors, inducing predictable shifts in the optical
spectra of both mirrors.

M icroscopic devices that can move toward specific targets,
isolate and detect chemical or biological compounds, and
report this information to the macroscopic world could be useful
for a variety of environmental monitoring, medical diagnostic, or
therapeutic applications. Many of the components needed for
such devices are too small or complex to be fabricated by using
conventional lithographic tools, and the development of new
techniques that can manipulate matter at the nanoscale is
currently of great interest. So-called self-assembly reactions
provide a convenient means of constructing one-, two-, and
three-dimensional objects in this size regime. For example,
covalent bonds formed between alkanethiols and gold substrates
have been used to pattern surfaces in two dimensions (1, 2),
surface affinity properties have been used to self-assemble
colloidal photonic crystals in two and three dimensions (3-6),
and complementary interactions between DNA base pairs have
been used to assemble nanoparticles into three-dimensional
networks (7-9). These hierarchical structures have been used for
various optics and sensor applications (3-9). In general, semi-
conducting or metallic nanocrystals or monodisperse polymeric
beads are the building blocks for this bottom-up synthetic
approach, where the structures are held together by van der
Waals forces, hydrogen bonding, or other specific chemical
interactions (5, 6, 10-12).

The present work represents an effort to use more complex
building blocks with greater functionality as construction ele-
ments. Micrometer-sized one-dimensional photonic crystals of
porous Si with optical spectra that change when they absorb
chemicals are used. The method uses electrochemical etching
and surface chemistry in tandem to prepare the nanostructured
photonic crystals and a self-assembly mechanism resembling that
by Mao et al. (13) to construct the sensor element at a targeted
interface. The materials are prepared in two steps (as outlined
in Fig. 1). In the first step, a one-dimensional photonic crystal is
produced by electrochemically etching Si by using a time-varying
electrical current. The second step involves chemically modifying
the porous Si photonic structure. Steps 1 and 2 can be repeated
on the same wafer, generating stratified porous Si photonic
structures, the pore structure and chemical composition of which
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vary in a controlled fashion in the Si wafer. The films then are
fractured into small particles, each particle containing in its
nanostructure the necessary components to allow self-assembly,
spectroscopic identification, and chemical sensing. Targeting
and orientational order are imposed in the present work by
interactions between the two chemically distinct faces of the
photonic crystals at a liquid-liquid interface. Sensing is accom-
plished when liquid at the interface infuses into the porous
mirrors, inducing predictable shifts in the optical spectra of both
mirrors. Thus the microscopic photonic crystals spontaneously
assemble, orient, and sense their local environment.

Materials and Methods

The synthetic scheme followed to produce self-assembling and
self-organizing bifunctional particles of porous Si photonic
crystals is described in Fig. 1. A multilayered porous Si dielectric
mirror first is electrochemically etched into the single-crystal Si
(100) substrate (degenerate p type, B-doped, <1 m{-cm resis-
tivity, obtained from Siltronix, Geneva). The etching solution
consists of a 1:3 by volume mixture of absolute ethanol (Aldrich
Chemicals) and aqueous 49% HF (Quantum Chemicals, Auk-
land, New Zealand). Etching is carried out in a Teflon cell by
using a two-electrode configuration with a Pt mesh counter
electrode. A sinusoidal current density waveform varying be-
tween 11.5 and 34.6 mA/cm? is applied for 100 cycles and a
periodicity of 7 s (14, 15). This side of the porous mirror is then
thermally hydrosilylated with 1-dodecene following published
procedures (16, 17). The second mirror is then prepared by
placing the sample back in the Teflon etch cell and applying a
sinusoidal current density varying between 11.5 and 34.6 mA/
cm?, with 100 repeats and a periodicity of 8.7 s. The entire
structure is then removed from the Si substrate by application of
a current density pulse of 15.4 mA/cm? for 45 s in an ethanol
solution that is 3.3% by weight aqueous HF. The freestanding
film is then placed in an oven in air at 100°C for 15 h. This step
preferentially produces a thermal oxide on the more reactive,
hydrogen-terminated freshly etched layer. For the small-particle
studies the film is broken into micrometer-sized particles by
ultrasonication as described (18).

Results and Discussion

Porous Si prepared by using a sinusoidal current density wave-
form possesses an approximately sinusoidal porosity gradient in
the direction of pore propagation (normal to the wafer surface
in the present work). The porosity gradient results in a periodic
variation in refractive index in the film. This structure, generally
referred to as a rugate filter (19), produces a sharp diffraction
feature in the optical reflectivity spectrum of the film (Fig. 2).
The wavelength of the reflectivity maximum is determined by
the periodicity and amplitude of the current waveform used in
the etch (18).

The procedure used to generate the chemically and optically
asymmetric photonic structures used in this work is outlined in
Fig. 1. A single rugate filter is first prepared. This film then is
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Fig. 1. Scheme showing the synthesis of bifunctional smart-dust particles. A

multilayered porous Si dielectric mirror (rugate filter) first is etched into the
single-crystal Si substrate. The film then is hydrosilylated to generate a chem-
ically stable hydrophobic mirror. A second rugate filter with a different
periodicity is then etched into the substrate immediately beneath the first.
The entire structure is removed from the Si substrate by the application of a
current pulse. Thermal oxidation then imparts hydrophilic character to the
second mirror. The bifunctional, freestanding film then is placed in water and
fractured into micrometer-sized particles by ultrasonication.

thermally hydrosilylated with dodecene following published
procedures (16, 17), generating a chemically stable hydrophobic
mirror. A second rugate filter with a different periodicity is then
etched into the substrate immediately beneath the first. The
oxide imparts hydrophilic character to the second mirror while
the hydrosilylated side retains its hydrophobic nature, as deter-
mined by contact angle measurements (advancing contact angle
with water: hydrophobic side, 92° hydrophilic side, 39°). The
chemical nature of the two faces is confirmed by diffuse reflec-
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Fig.2. Reflectivity spectra of a bifunctional porous Si rugate film. The green
solid trace is obtained from the side of the film that contained a mirror etched
by using a sinusoidal current varying between 11.5 and 34.6 mA/cm?2. This side
of the porous mirror then was hydrosilylated with 1-dodecene. The red dashed
trace is obtained from the side of the film that contained a second mirror,
etched by using a sinusoidal current varying between 11.5 and 34.6 mA/cm?
and then removed from the Si substrate. This side of the porous mirror was
thermally oxidized. The total thickness of the porous Si film is ~100 um. The
optical reflectivity spectra were obtained by using an Ocean Optics SD2000
charge-coupled device spectrometer fitted with focusing optics and by using
tungsten light illumination. arb, arbitrary.
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Fig.3. Reflectivity spectra of the hydrophobic (alkylated) side of the bifunc-
tional porous Si film from Fig. 2. The bottom trace (’dry") is the same data
represented by the solid line in Fig. 2 obtained with the sample in air. The ““on
water'’ trace represents the spectrum of the hydrophobic side of the sample
when it is floating on water (obtained by looking down on the sample from
above). The "at interface’ trace represents the spectrum of the sample sitting
at the water-heptane interface (obtained by looking through the heptane
phase). Spectra are offset along the y axis for clarity. arb, arbitrary.

tance infrared spectroscopy (Fig. 6, which is published as
supporting information on the PNAS web site, www.pnas.org);
absorption bands characteristic of aliphatic C—H vibrational
modes (2,960-2,850 and 1,470 cm~') are observed from the
hydrosilylated side and a prominent band assigned to Si—O
stretching (1,054 cm™!) is observed after oxidation.

The tandem etch/modify method described above provides a
general means for producing optical films with spatially resolved,
chemically distinct layers. The main requirement of the chemical
modification reactions is that they be stable to the hydrofluoric
acid etchant used in generating subsequent porous Si layers. It
is anticipated that a number of chemical and electrochemical
modification strategies developed for porous Si can be used with
this procedure (20-22).

The bifunctional films will orient spontaneously at the surface
of water, with the hydrophobic side facing up. If a small (=2-mm
on an edge) piece of the film floating on a water surface is picked
up with forceps and flipped over, it will right itself spontane-
ously. The phenomenon is easily observed with the unaided eye
due to the significant color difference between the hydrophobic
and hydrophilic mirrors (green vs. red, respectively, in the
present study). The addition of a hydrophobic liquid that is
immiscible with water (such as heptane) to the water layer causes
the films to localize at the liquid-liquid interface, with the
hydrophobic mirror facing the hydrophobic liquid phase.

The reflectivity spectrum from the bifunctional mirrors pro-
vides a signal that reports on the interfacial interaction. The
position of the spectral peaks in porous Si dielectric mirrors is a
strong function of the average refractive index of the layers, and
shifts in the photonic features have been shown to provide a very
sensitive transduction modality for sensing of condensable va-
pors (23, 24), proteins (25, 26), DNA, and other molecules that
can enter the pores (23, 25-28). In this work, the hydrosilylated
layer is designed to display a spectral wavelength maximum of
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Fig. 4. Reflectivity spectra of the hydrophilic (oxidized) side of the
bifunctional porous Si film from Fig. 2. The bottom trace ("’dry’’) is the same
data represented by the dashed line in Fig. 2 obtained with the sample in
air. The "“on water'’ trace represents the spectrum of the hydrophilic side
of the sample when it is floating on water (obtained by looking up at the
sample through the water layer). The “at interface'’ trace represents the
spectrum of the sample sitting at the water-heptane interface (obtained
by looking through the water phase). Spectra are offset along the y axis for
clarity. arb, arbitrary.

530 nm in air. Liquid water will not infiltrate the hydrophobic
pores, and the peak displays no discernable shift when the film
is in contact with water (Fig. 3, “on water”). By contrast, in the
presence of the heptane phase, the spectral feature shifts to 560
nm (Fig. 3, “at interface”). The complementary effect is ob-
served on the opposite side of the film. In the present study the
hydrophilic mirror displays a wavelength maximum of 702 nm
(Fig. 4, “dry”); in contact with water the main spectral feature
shifts to 762 nm (Fig. 4, “on water”). Subsequent addition of
heptane to form the two-phase mixture does not shift this peak
significantly (to 767 nm, Fig. 4, “at interface”).

The same optical effects are observed on smaller [so-called
smart-dust (14, 18, 29)] particles made by fracture of porous Si
films through ultrasonication. The bifunctional, freestanding
film is placed in ethanol and fractured into micrometer-sized
particles by ultrasonication. The particles are observed to spon-
taneously assemble and orient at the interface of a small drop of
dichloromethane in water (Fig. 5 and Figs. 7 and 8, which are
published as supporting information on the PNAS web site).
Spectra similar to those observed with the larger (mm-sized)
films (Figs. 3 and 4) are observed on the micrometer-sized
particles as well (Fig. 7), confirming that self-orientation and
self-assembly occur with the small particles. In this case it is very
difficult to measure the reflectivity spectrum from an individual
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Fig.5. Optical photograph of the bifunctional porous Si smart-dust particles
assembled at the interface of a small drop of dichloromethane in a vial of
water. The particles contain a hydrophobic green mirror and a hydrophilicred
mirror on opposite sides; the red mirror is presented to the viewer.

particle but quite simple to measure the spectrum from an
ensemble of the particles once they have assembled and oriented
at the interface. The targeted assembly process thus provides an
important amplification function.

The chemically asymmetric smart-dust particles enable inter-
esting applications in high-throughput screening, drug discovery,
biomedical implants, information display, optical switching, and
chemical and biological sensor fields. We have demonstrated the
use of the chemically stratified materials as a self-assembling
chemical sensor in this work. The chemically asymmetric parti-
cles spontaneously target and align themselves at an organic
liquid-water interface with the hydrophobic side oriented to-
ward the organic phase and the hydrophilic side toward the
water. A characteristic shift in the optical spectra of both mirrors
signals the arrival of the particle at the interface. With the
appropriate recognition elements attached, these self-targeting
and self-orienting materials may be applied to a variety of
interesting problems. For example, the particles might be used to
locate, identify, and/or destroy certain cell types in the body or
they might be used to locate and identify pathogenic bacteria in
food or drinking water. Several features of porous Si are useful
in this regard: porous Si has been shown to be biocompatible, and
it has been investigated as a component in resorbable drug-
delivery systems; (30-34) the photonic features from the mul-
tilayers can be observed at a distance or through human tissue;
(14, 30) and the porous layers can act as a sensitive biosensor for
proteins or DNA (23, 25-28).
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